Abstract While diving, seals are exposed to apneainduced hypoxemia and repetitive cycles of ischemia/ reperfusion. While on land, seals experience sleep apnea, as well as prolonged periods of food and water deprivation. Prolonged fasting, sleep apnea, hypoxemia and ischemia/ reperfusion increase oxidant production and oxidative stress in terrestrial mammals. In seals, however, neither prolonged fasting nor apnea-induced hypoxemia or ischemia/reperfusion increase systemic or local oxidative damage. The strategies seals evolved to cope with increased oxidant production are reviewed in the present manuscript. Among these strategies, high antioxidant capacity and the oxidant-mediated activation of hormetic responses against hypoxia and oxidative stress are discussed. In addition to expanding our knowledge of the evolution of antioxidant defenses and adaptive responses to oxidative stress, understanding the mechanisms that naturally allow mammals to avoid oxidative damage has the potential to advance our knowledge of oxidative stress-induced pathologies and to enhance the translative value of biomedical therapies in the long term.
Introduction

Oxidant formation and oxidative stress
Oxygen consumption by animal cells is essential for the production of the energy needed to maintain cellular functions and metabolic activity. Oxygen-mediated ATP production via the electron transport chain is, however, accompanied by the production of oxidants (Forman and Kennedy 1974; Loschen et al. 1974) . Under basal metabolic conditions, *0.1% of the oxygen consumed undergoes a univalent reduction producing superoxide radical (O 2 Á-) (Fridovich 2004) . O 2 Á-can spontaneously react with nitric oxide (NOÁ) generating peroxynitrite (ONOO -) (Beckman et al. 1990; Blough and Zafiriou 1985; Radi et al. 1991) or be converted by superoxide dismutases (SOD) into oxygen and hydrogen peroxide (H 2 O 2 ) (McCord and Fridovich 1969) . H 2 O 2 can diffuse across biological membranes or be decomposed to water and oxygen by catalase, glutathione peroxidases (GPx) and peroxiredoxins (Prx), in a series of reactions that prevent the formation of the highly reactive hydroxyl radical (HOÁ) (Boveris and Chance 1973; Kim et al. 1988; Paglia and Valentine 1967) .
Oxidants are not only formed as a by-product of oxygen metabolism in the electron transport chain. NAPDH oxidases (Nox), microsomal monooxygenases (cytochromes P450), xanthine oxidase (XO), nitric oxide synthases (NOS), lipoxygenases and cyclooxygenases produce O 2 Á-, H 2 O 2 , NOÁ or hydroperoxides under physiological conditions. The autooxidation of many biologically important molecules and the electron delocalization that takes place in the reactions of hemo-proteins, result in the production of oxidants as well (Halliwell and Gutteridge 2007) . Under several pathological conditions (e.g. cardiovascular and metabolic diseases), oxidant production increases altering the balance between oxidants and antioxidants and thus promoting oxidative stress (Sies 1985) . Oxidative stress causes the formation of oxidatively modified lipids, proteins, and nucleic acids and the disruption of redox signaling and control (Jones 2006) .
Potential sources of oxidative stress in seals
Apnea-induced hypoxemia and ischemia/reperfusion Seals are routinely exposed to breath-holding (apnea) bouts while diving and sleeping (Elsner and Gooden 1983; Kooyman 1989; Ridgway et al. 1975) . Apnea in seals is characterized by cardiovascular adjustments (reduction in cardiac output, bradycardia and peripheral vasoconstriction) that allow the maximum utilization of the oxygen stores, but simultaneously result in the depletion of blood oxygen content and in the redistribution of blood flow towards obligatory oxygen-dependent tissues, exposing seals to ischemia and hypoxemia (Castellini et al. 1994; Elsner 1999; Kooyman and Ponganis 1998; Meir et al. 2009; Stockard et al. 2007 ). At the end of an apnea bout, perfusion of ischemic tissues can potentially increase oxidant production and oxidative stress (Elsner et al. 1998; Zenteno-Savín et al. 2002) . In terrestrial mammals, hypoxemia increases electron leak from complexes I and III of the respiratory chain, resulting oxidant production (Hoffman et al. 2007; Stowe and Camara 2009) . Perfusion of ischemic tissues also exacerbates oxidant production and oxidative damage promoting reperfusion injury (Corral-Debrinski et al. 1991; McCord 1985) . During ischemia, XO is activated and the ATP degradation product, hypoxanthine (HX), accumulates. During reperfusion, XO hydroxylases HX generating xanthine, O 2
Á-
and H 2 O 2 (Parks et al. 1983) . Seal tissues do not possess higher levels of oxidative damage than terrestrial mammal tissues despite being chronically exposed to apnea-induced hypoxemia and ischemia/reperfusion (Vázquez-Medina et al. 2007; Wilhelm Filho et al. 2002; Zenteno-Savín et al. 2002) . These observations suggest that seals either avoid apnea-induced oxidant generation or that seals can efficiently cope with increases in oxidant production without experiencing oxidative damage.
Prolonged food and water deprivation
Along with being exposed to intermittent hypoxemia and chronic cycles of ischemia/reperfusion, phocid seals also experience prolonged periods of absolute food and water deprivation (fasting). Spontaneous long-term fasting is an integral part of the life history of phocid seals. Seals undergo prolonged fasting annually while breeding, molting and weaning (Castellini and Rea 1992) . Prolonged fasting activates the hypothalamic-pituitary-adrenal axis (HPA) leading to alterations in fluid balance and cardio-respiratory function (Munck et al. 1984; Sapolsky et al. 2000) . In the northern elephant seal, along with activating the HPA axis, prolonged fasting stimulates the renin-angiotensin system (RAS) and promotes insulin resistance (Ortiz et al. 2000 (Ortiz et al. , 2002 (Ortiz et al. , 2006 Viscarra et al. 2011a, b; Fowler et al. 2008) . In humans, rats and mice, prolonged fasting, chronic HPA and RAS activation, and insulin resistance, increase oxidative damage by activating Nox proteins, increasing mitochondrial oxidant generation and depleting antioxidants (Ceriello and Motz 2004; Costantini et al. 2011; Evans et al. 2003; Romero and Reckelhoff 1999; Sorensen et al. 2006; Souza Rocha et al. 2008; Sowers 2002; Szkudelski et al. 2004) . The fact that prolonged fasting does not increase local or systemic oxidative damage in elephant seals suggests that seals are adapted to tolerate fasting-induced oxidant production (Vázquez-Medina et al. 2010 , 2011c .
Aging and postnatal maturation
Oxidant production and oxidative damage accumulation increase with age contributing to senescence and physiological aging (Finkel and Holbrook 2000; Sohal and Weindruch 1996) . Old Weddell seals experience muscular senescence but maintain muscle contractile ability and foraging capacity suggesting either that seals efficiently cope with age-associated oxidant production or that senescence in seals is not mediated by increased oxidative stress (Hindle et al. , 2009 . The transition from a terrestrial to an aquatic environment during postnatal development also increases oxidant production without increasing oxidative damage in seals (Vázquez-Medina et al. 2011a ). Maturation-related increases in antioxidant capacity likely help seals to counteract age-related increases in oxidant production avoiding oxidative damage ). The link between age and dive associated oxidant production and oxidative stress has only recently been explored (Hindle et al. 2009 Vázquez-Medina et al. 2011a, b) , but undoubtedly warrants further investigation.
Diving versus non-diving endotherms: insights from comparative and in vitro studies
Oxidant production
The real-time in vivo measurement of oxidants is challenging in whole-animal vertebrate systems because most oxidant species are highly reactive and have a short halflife. Studies using in vitro approaches have demonstrated that seal heart and kidney accumulate HX after experimental ischemia (Elsner et al. 1998 (Elsner et al. , 1995 . Moreover, the tissue capacity to produce O 2 Á-is higher in seal than in pig heart, kidney and skeletal muscle under basal conditions, and in response to an oxidant-generating system (xanthine ? XO) . The production of O 2 Á-is also higher, under basal conditions, in the liver and muscle of emperor penguins than in those tissues of chickens and several non-diving marine birds (brown noddies, petrels, frigate birds, red-billed tropic birds, boobies and shearwaters) (Zenteno-Savín et al. 2010 ). These findings suggest that avoiding oxidant production is not the main mechanism used by diving, endothermic vertebrates to cope with ischemia/reperfusion .
Oxidative damage
Despite chronic exposure to prolonged fasting, hypoxemia and ischemia/reperfusion, seal tissues do not have higher levels of lipid peroxidation or protein oxidation products (TBARS, protein carbonyls) than pig tissues (Vázquez-Medina et al. 2007; Zenteno-Savín et al. 2002) . The intracellular content of TBARS is also lower in the red blood cells (RBCs) of a group of marine mammals (elephant seals, manatees, minke whales, and stripped and franciscana dolphins) than in the RBCs of wild, terrestrial mammals (raccoons, deer, anteaters, monkeys, and ferrets), and in the liver and muscle of emperor penguins than in the liver or muscle of chickens and non-diving, marine birds (Wilhelm Filho et al. 2002; Zenteno-Savín et al. 2010) . Although TBARS measurements alone are not enough to conclusively determine the absence of oxidative damage in penguin tissues and marine mammal RBCs (Halliwell and Whiteman 2004) , taken together, the available data suggest that diving birds and mammals have the ability to cope with increased oxidant production without experiencing oxidative damage.
Antioxidant defenses
An enhanced antioxidant capacity appears to be a mechanism by which diving birds and mammals cope with increased oxidant production (Elsner et al. 1998; ZentenoSavín et al. 2002; Loshchagin et al. 2002; Cantú-Medellín et al. 2011; Corsolini et al. 2001) . High constitutive activity and content of endogenous antioxidants has also been found in other animal species chronically exposed to variations in oxygen availability to their tissues due to factors such as environmental oxygen lack, extracellular freezing, or apneic breathing patterns in arrested metabolic states (Hermes-Lima and Zenteno-Savín 2002; Storey 1996) . Penguins and seals possess higher concentrations and activities of enzymatic and non-enzymatic antioxidants than terrestrial birds and mammals. Plasma glutathione (GSH) levels are two to threefold higher in Weddell and harbor seals than in humans (Murphy and Hochachka 1981) . Intracellular GSH content in RBCs is twofold higher in marine mammals than in wild, terrestrial mammals (Wilhelm Filho et al. 2002) . Comparing ringed seals to pigs, the concentrations of GSH are 20-, 6-, 2-and 3-fold higher in heart, skeletal muscle, kidneys and lungs, respectively (Table 1 ) (Vázquez-Medina et al. 2007 ). The concentrations of several exogenous low molecular weight antioxidants (vitamins, carotenoids) are also higher in diving than in non-diving mammals and birds. Plasma content of a-tocopherol is higher in dolphins than in dogs or cows (Kasamatsu et al. 2009 ). Plasma scavenging capacity against peroxyl radical is higher in emperor and Adélie penguins than in polar skuas or snow petrels (Corsolini et al. 2001) . Similarly, the activities of the antioxidant enzymes SOD, catalase, GPx, glutathione S-transferase (GST) and glutathione disulphide reductase (GR) are higher in RBCs of marine than of terrestrial mammals (Wilhelm Filho et al. 2002) while catalase, GPx and GST activities are higher in the liver and muscle of emperor penguins than of chickens and non-diving, marine birds (Zenteno-Savín et al. 2010) . The activities of SOD and GST are higher in heart and lung of seals than of pigs whereas catalase activity is higher in the liver of seals than of pigs (Table 1 ) (Vázquez-Medina et al. 2006) . The activity of GPx is also higher in heart, lung and skeletal muscle of seals than of pigs while the activities of GR and glucose-6-phosphate dehydrogenase (G6PDH), two key enzymes that maintain intracellular GSH, are higher in heart, kidney, liver, lung and skeletal muscle of seals than of pigs (Table 1 ) (Vázquez-Medina et al. 2006 . Collectively, these findings suggest that possessing increased antioxidant protection is essential for diving vertebrates.
Hypoxic and redox signaling
While oxidant production can be potentially damaging, it is also needed for the regulation of several adaptive processes (Suzuki et al. 1997 ). H 2 O 2 is a second messenger that participates in redox reactions to regulate signal transduction by stimulating calcium-dependent pathways, protein phosphorylation and transcription factor activation (Suzuki et al. 1997; Forman et al. 2010) . Similarly, oxygen sensing and redox signaling are essential for mediating the physiological and pathophysiological responses to hypoxia (Bunn and Poyton 1996) . In vitro and ex vivo studies comparing seals and non-diving mammals have demonstrated that the seal brain possesses hypoxia tolerance and antioxidant protection due to an increased content and unique localization of neuroglobin in tissue (Folkow et al. 2008; Ramirez et al. 2011; Mitz et al. 2009; Williams et al. 2008) . Neuroglobin enhances oxygen extraction and intracellular diffusion and protects against oxidative stress by activating phosphoinositide-3 kinase and by opening the mitochondrial K ATP channel (Antao et al. 2010; Li et al. 2008; Sun et al. 2001) . Another primary regulator of the adaptive response to hypoxia is the hypoxia-inducible factor 1 (HIF-1) (Semenza 1999 (Semenza , 2000a . HIF-1 genes in the ringed seal are similar to those in terrestrial mammals, but in contrast to what has been observed in terrestrial mammals (Ivan et al. 2001) , HIF-1 proteins are constitutively expressed in several tissues of the ringed seal, and their levels are correlated to reduced levels of protein oxidation suggesting that HIF-1 may potentially mediate hypoxia and antioxidant protection in seal tissues (Johnson et al. 2004 (Johnson et al. , 2005 .
In vivo studies
Adaptive responses to apnea in seals Several studies have been conducted to address the central question of how seals cope with apnea-induced oxidant production. The role of GSH, a primary antioxidant with a key role in redox signaling (for a recent review see Forman et al. 2009 ), in the protection against apnea-induced oxidant production, was first discovered in a study showing that plasma GSH levels in Weddell seals decreased during forced diving and rose above resting levels at the end of the submersions (Murphy and Hochachka 1981) . In another study, NOÁ was not detected in the exhaled gas of Weddell seals breathing through an isolated hole after freely diving under the sea ice (Falke et al. 2008 ). This finding suggests that the absence of NOÁ may be an adaptive strategy to avoid ONOO -and HOÁ formation after an event of ischemia/reperfusion that can potentially increase O 2 Á-production (Granger 1988; Beckman et al. 1990; Blough and Zafiriou 1985; Radi et al. 1991 ). More recently, several aspects of oxidant and antioxidant metabolism were evaluated in elephant seals exposed to rest and voluntary submersion-associated apneas. Plasma XO activity, xanthine and HX levels, but not systemic oxidative damage (F 2 -isoprostanes, nitrotyrosine, 4-hydroxyonenal or protein carbonyls), increased in response to apnea (Vázquez-Medina et al. 2011d ). Moreover, XO protein expression increased in the skeletal muscle after repetitive apnea bouts, along with an increase in the nuclear content of NF-E2-related factor 2 (Nrf2) and HIF-1a and the protein expression of Cu,ZnSOD, catalase and myoglobin (Mb) (Vázquez-Medina et al. 2011d ). These findings suggest that H 2 O 2 produced by XO can potentially mediate the adaptive response to oxidative stress during apnea in seals since Nrf2, the redox sensitive transcription factor that regulates antioxidant gene expression, translocates into the nucleus in response to increased intracellular H 2 O 2 production and XO produces mainly H 2 O 2 (Jaiswal 2004; Kobayashi et al. 2006; Kelley et al. 2010) . These findings also suggest that repetitive apneas stimulate the adaptive response to Lung 78 ± 20* 1,614 ± 289* 47 ± 10* 3 ± 1 6± 2* 67 ± 17* 830 ± 5* Muscle 14 ± 3 891 ± 268* 4 ± 0.8* 0.9 ± 0.2 4 ± 1* 71 ± 29* 742 ± 67* Pig Heart 26 ± 8 7,154 ± 1,900 8 ± 0.9 4 ± 1 0.6 ± 0.1 2 ± 0.7 117 ± 0.04
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Data are presented as mean ± SEM. Data from Vázquez-Medina et al. (2006 SOD superoxide dismutase, GPx glutathione peroxidase, GST glutathione S-transferase, GR glutathione disulphide reductase, G6PDH glucose-6-phosphate dehydrogenase, GSH-Eq total glutathione * Significantly different from pigs (p \ 0.05) hypoxia in seals and that HIF-1a and Mb potentially contribute to seal's tolerance to hypoxia (Johnson et al. 2004 (Johnson et al. , 2005 Kanatous and Mammen 2010; Noren et al. 2005; Vázquez-Medina et al. 2011d ). Collectively, these findings support the idea that apnea-induced oxidant production mediates the preconditioning of seal tissues (ZentenoSavín et al. 2002) since oxidants are required for the activation of protective pathways against reperfusion injury ( Fig. 1) (Baines et al. 1997; Bergeron et al. 2000; Furuichi et al. 2005; Grimm et al. 2005; Leonard et al. 2006; Semenza 2000b; Yuan et al. 2010; Zhu et al. 2011 ).
Oxidant and antioxidant metabolism during prolonged fasting in elephant seals
Oxidant and antioxidant metabolism has been studied in northern elephant seals during their natural fasting periods associated with breeding, molting and weaning. Prolonged fasting in the northern elephant seal promotes insulin resistance (Viscarra et al. 2011a, b; Fowler et al. 2008; Houser et al. 2007 ), activates RAS (Ortiz et al. 2000 (Ortiz et al. , 2006 and the HPA axis (Ortiz et al. 2001 (Ortiz et al. , 2003a , and increases NADPH oxidase 4 (Nox4) and XO activity and protein expression (Vázquez-Medina et al. 2010; Soñanez-Organis et al. 2012) . Prolonged fasting, however, is not associated with increased oxidative damage in this species. Systemic (F 2 -isoprostanes, plasma nitrotyrosine, C-reactive protein) and muscle markers of oxidative damage (TBARS, 4-hydroxynonenal, protein carbonyls, nitrotyrosine) remain unchanged after 2 months of absolute fasting in weaned pups (Vázquez-Medina et al. 2010) . Increased activity and protein expression of several antioxidant enzymes (SOD, catalase, GPx, Prx, GST, GR, G6PDH, glutamate-cysteine ligase = GCL, c-glutamyl-transpeptidase: GTT), as well as increased GSH, likely contribute to the prevention of fasting-associated oxidative damage in elephant seal pups (Vázquez-Medina et al. 2010 , 2011c . Increased plasma content of water-soluble vitamins in pups and lactating females (Boaz et al. 2012) , and the maintenance of elevated levels of high-density lipoproteins in breeding and molting adult males (Tift et al. 2011) , may also contribute to counteract fasting-induced oxidant production in elephant seals. The understanding of how the antioxidant system of the northern elephant seal is up-regulated in response to prolonged fasting remains elusive, but preliminary studies from our laboratories, along with the present findings, suggest that angiotensin II stimulates Nox4 by increasing transforming growth factor b (TGFb), and that Nox4 may mediate an hormetic response by activating Nrf2 (Fig. 2) . Hormesis is defined as an adaptive response to a moderate stress (Mattson 2008) . Since H 2 O 2 activates Nrf2 (Kobayashi et al. 2006; Umemura et al. 2008 ), and Nox4 constitutively produces H 2 O 2 (Takac et al. 2011) , it is possible that an increase in Nox4 expression mediates an adaptive response to fastinginduced oxidant production in elephant seals.
Aging, maturation and oxidative stress in Weddell and hooded seals According to the free radical theories of aging, the production of oxidants and the accumulation of oxidative damage are factors that mediate senescence and physiological aging (Finkel and Holbrook 2000; Sohal and Weindruch 1996; Beckman and Ames 1998; Harman 1956 ). Based on those theories, diving vertebrates may be particularly susceptible to oxidative stress, cellular dysfunction, and senescence due to chronic exposure to diving-induced hypoxemia, ischemia/reperfusion and exercise during foraging. Unfortunately, aging or senescence studies in seals or any other diving, endothermic vertebrate are scant. Muscular senescence has been documented in Weddell seals in which collagen content is higher in longissimus dorsi and pectoralis muscles of old seals (?17 years old) compared to young adults (9-16 years). In addition, a shift of the collagen isoform profile from Type III to the stiffer Type I occur with age in both muscles indicating that old seals experience muscular senescence (Hindle et al. 2009 ). Consistent dive durations throughout adulthood, however, imply unchanged swimming and foraging capacity, suggesting either that seals evolved mechanisms to cope with age-derived oxidant production or that senescence and physiological aging in seals are not mediated by oxidative stress (Hindle et al. 2009 Lawler and Hindle 2011) . Postnatal maturation is another potential source of oxidative stress in phocid seals due to their transition from a terrestrial to an aquatic environment and the concomitant beginning of their diving lifestyle. Tissue capacity to produce O 2 Á-, but not lipid peroxidation (TBARS), protein carbonyls or oxidatively modified DNA (8-oxo-7, 8-dihydro-2 0 -deoxyguanosine) levels are higher in the skeletal muscle (longissimus dorsi) of adult hooded seals than of newborn or weaned pups (Vázquez-Medina et al. 2011a) . Maturation in hooded seals also increases SOD, GPx and thioredoxin 1 activities, MnSOD, PrxVI and glutaredoxin 1 protein expression, as well as GSH levels, suggesting that the antioxidant system of the hooded seal develops with age progression (Vázquez-Medina et al. 2011a, b) . Interestingly, neither Nrf2 mRNA nor protein expression (in whole extracts or nuclear fractions) are increased in adults compared to pups suggesting that maturation in seals does not induce an acute adaptive response to oxidative stress. The later also suggests that age-related increases in oxidant production are efficiently counteracted by appropriately elevated antioxidant levels in seals and that Nrf2 activation may only increase in response to a particular extended diving episode or repetitive apneas in diving mammals (Vázquez-Medina et al. 2011d ).
Conclusions and future directions
The life history of seals is characterized by extreme behaviors that expose them to potential increases in oxidant production and oxidative stress. Seals, however, have evolved mechanisms that allow them cope with prolonged fasting, hypoxemia and ischemia/reperfusion without experiencing oxidative damage. Elevated levels of endogenous antioxidants likely help seals to counteract increases in fasting-, apnea-and age-derived oxidant production. The control and regulation of the adaptive responses to oxidative stress in seals remain elusive, but initial studies have shown that ischemic preconditioning and physiological oxidant production mediate hormetic responses that stimulate the antioxidant system of developing, fasting and diving seals. More thorough investigations along these lines not only can enhance our appreciation for the evolution of such mechanisms, but also have the potential to provide valuable insight to the contribution of oxidative stress to a number of human pathologies. 
